In this work, we examine the interference alignment (IA) performance of a multi-input multi-output (MIMO) multi-hop cognitive radio (CR) network in the presence of multiple primary users. In the proposed architecture, it is assumed that linear IA is adopted at the secondary network to alleviate the interference between primary and secondary networks. By doing so, the secondary source can communicate with the secondary destination via multiple relays without causing any interference to the primary network. Even though linear IA can suppress the interference in CR networks considerably, interference leakages may occur due to a fast fading channel. To this end, we focus on the performance of the secondary network for two different cases: (i) the interference is perfectly aligned; (ii) the impact of interference leakages. For both cases, closed-form expressions of outage probability and ergodic capacity are derived. The results, which are validated by Monte Carlo simulations, show that interference leakages can deteriorate both system performance and the diversity gains considerably.
remedy this problem by allowing secondary (unlicensed) users (SUs) to share the same spectrum band with the primary (licensed) users (PUs). Thus, CR is a promising solution for providing quality of service and overcoming the problem of spectrum limitation in wireless networks. At the moment, spectrum usage is assigned for specific services with limited bandwidth based on the regulatory policy. This means that the unlicensed users will not be able to use the licensed frequency bands. However, the inefficient use of the licensed spectrum has been reported. CR allows the unlicensed users to exploit the unused frequency bands dynamically without causing harmful interference to the licensed users. For this reason, it has been proposed to improve spectral utilization and efficiency [5] [6] [7] [8] . That is to say, CR is an inspiring approach for wireless communication systems that can alleviate the spectrum scarcity problem and utilize the existing spectrum resources efficiently. The CR network is composed of a primary network (PN) in which the licensed users of the spectrum are employed and a secondary network (SN), whose unlicensed users can access the spectrum opportunistically. SN users can access the licensed spectrum by three well-known techniques: underlay, overlay, and interweave [5] [6] [7] . In the underlay approach, the SU can simultaneously communicate with the PU using the PU's spectrum guaranteeing that the SU does not cause any harmful interference to the PU. In this scheme, the interference caused by the transmission of the SUs should not exceed an acceptable threshold. That means, the underlay method allows SU transmission as long as the interference remains under the predefined threshold value [9] . In the overlay approach, the SU has knowledge about the PU's transmitting information and how it is encoded. While the PU broadcasts its information periodically, the SU can obtain it by decoding the data sequence; thus, the interference can be partially or completely removed. The interweave paradigm is based on the concept of opportunistic communications. The idea was raised from the underutilized spectrum. Spectrum holes, which are not fully utilized most of the time, can be exploited by SUs to operate in the licensed bands. Thus, the spectrum utilization is enhanced by the opportunistic reuse of the spectrum holes. The interweave approach requires the detection of the PUs' activity in the licensed frequency band [10] .
CR technology can be capable of utilizing the spectrum efficiently as long as the interference between PUs and SUs is perfectly aligned. To this end, interference alignment (IA) is an important approach for CR to recover the desired signal of the PU or SU by utilizing the precoding and suppression matrices of the channel matrix, which consolidates the interference beam or matrix into one subspace in order to eliminate them. This paper focuses on the interference alignment in CR networks considering multiple hops in the underlay scheme.
Related Works
There are various IA techniques that are trying to provide interference-free communications in CR networks. In the linear IA technique, the channel matrix is assumed to be perfectly known at the transmitter and receiver side of the PN [11] [12] [13] [14] . In the literature, linear IA was adopted in CR interference channels in [15] [16] [17] [18] and the references therein. In [15] , the adaptive power allocation schemes were considered for linear IA-based CR networks where the outage probability and sum rate were derived. In [16] , the adaptive power allocation was studied for linear IA-based CR using antenna selection at the receiver side, whereas [17] enhanced the security of CR networks by using a zero-forcing precoder. A similar work was proposed in [18] to improve the overall outage performance of the interference channel by using power allocation optimization. These studies show that interference management is an important issue for all multi-user wireless networks.
Most recently, multi-hop relaying, which is an effective way of enhancing reliability, connectivity, and coverage area, was introduced in CR networks [19] [20] [21] . In these papers, the authors studied the multi-hop cognitive relay networks under interference power constraints and provided a comprehensive performance study including the closed-form expressions for the outage probability, bit error rate (BER), and ergodic capacity. The paper [22] considered the performance of multi-hop CR networks with imperfect channel state information (CSI). Besides, the performance metrics of the secondary multi-hop networks covering outage probability, BER, and ergodic capacity were derived over Rayleigh fading channels. In [23, 24] , the authors considered the cognitive multi-hop system model and analyzed the performances over a generalized-K distribution. The outage probability analysis of a single-hop CR network was studied in [25] by considering multi-hop relaying in PN. Hussein et al. in [26] and the authors in [27] considered a multi-input multi-output (MIMO) multi-hop CR network and investigated its detailed performance. Finally, [28] demonstrated the effect of cluster-based relaying in the implementation complexity and provided the performance of a multi-hop cognitive relaying system in terms of outage probability, symbol error rate (SER), and ergodic capacity.
Motivation and Contributions
Even though cognitive multi-hop transmission offers numerous advantages to SUs, the primary-secondary interference is one of the most challenging issues to be solved in CR networks. To this end, IA, which can design coordinated signals to eliminate the interference in PU-SU, has become preferable [29] . Motivated by the advantages of multi-hop relaying and IA, herein, we investigate the interplay of the number of hops, relays, interference alignment, and interference leakage. Our main contributions are as follows:
• A decode-and-forward (DF) multi-hop SN is considered, and end-to-end SNRs are derived for two cases: (1) perfect interference alignment; (2) in the presence of interference leakages.
• Exact outage probability is derived for perfect IA and interference leakages.
• Approximate ergodic capacity expressions are derived for both cases.
Paper Organization
The rest of the paper is organized as follows: We introduce the signal and system model in Section 2. The outage probability analysis is given in Section 3. Section 4 presents the performance evaluations for the ergodic capacity. Numerical results are discussed in Section 5. Finally, Section 6 concludes the paper.
Signal and System Model
This paper considers a cognitive multi-hop relay-aided network with L PUs and two SUs in which the secondary source S wishes to communicate with the secondary destination D over K − 1 closely-located DF relays, as shown in Figure 1 . We assume that all terminals are operating in a half-duplex fashion, and the direct path between S to D is not available due to heavy shadowing or large path loss effect. The uniformly-located relay terminals are clustered together and thus experiencing the same scale of fading even though the instantaneous SNR varies. In the SN, each node is equipped with M transmit/receive antennas applying maximal ratio transmission (MRT) and maximum ratio combining (MRC) techniques at the transmitter and receiver, respectively. In underlay CRNs, the transmit powers of the SUs are generally set to a predefined power level to meet the interference power constraints of the PUs [30] . However, in the proposed scheme shown in Figure 2 , we adopt the linear IA method to mitigate the interference occurring at the SN without reducing the powers of the SUs. With the aid of precoding and linear suppression matrices, the single symbol detection at the ith hop (or i + 1th relay) can be expressed as [31] :
where x s is the source signal, x j is the information of the primary user, H R i →R i+1 denotes the channel information at the ith hop of the SN, H P j →R i+1 denotes the channel coefficients matrix between PN and SN, V and U denote the corresponding precoding and linear suppression matrices, α gives the interference leakage coefficient varying between 0 and 1 [32] , n R i+1 is the zero-mean unit-variance (σ 2 n R i+1 = I) circularly symmetric additive white Gaussian noise (AWGN) vector, and (.) H stands for the Hermitian operation. Note that all signal and system model parameters are listed in Table 1 . The interference between PN and SN can be perfectly aligned if the following conditions are satisfied [31] :
where d is the data stream transmitted by each user [33] . Using the ideal linear IA assumption, (1) can be expressed as:
where Throughout the paper, we apply the linear IA scheme to align the interference occurring between the PN and the SN. In order to suppress the interference signal, we use a minimum mean squared error (MMSE)-based decoder, which aims to maximize the capacity at the receiver part. The size of precoding matrix at each transmitter node V c , (c ∈ P j , R i ) and the suppression matrix of relay receiver at the ith
where M is a positive even number. We assume that
, whose columns form the orthonormal basis for V c and
unitary matrix, which is obtained by using QR decomposition of the precoding matrix V c . Besides, P c is the average power of each stream as P c = 2P c /M where P c , (c ∈ P j , R i ) is the total transmit power at the transmitter side.
The suppression matrix at the ith hop can be written as U R i+1 =Ũ R i+1Ū R i+1 [34] . When all CSI is known at each receiver node, the first term of the suppression matrix is obtained as:
where H e f ,c→R i+1 = H c→R i+1 Q c , (c ∈ P j , R i ) denotes the effective channel matrix and σ 2 n is the noise variance. Then, applying the Cholesky factorization as:
ζ R i+1 can be obtained. The second term of the suppression matrix is calculated asŨ
, where S R i+1 is obtained by using singular-value decomposition (SVD) as
and
Finally, the suppression matrix can be written as a multiplication of these two terms:
Interested readers are referred to [34] and the references therein for a review of decoding matrix design.
= I, the interference can be aligned. With the aid of the proposed IA approach, the interference can be perfectly aligned in the CR network. By doing so, the hop-by-hop transmission can be accomplished via the single-input and single-output (SISO) channel if one data stream is sent at each transmitter [15] . Thereby, the instantaneous SNRs between S → R 1 , R i → R i+1 , and R K−1 → D can be expressed as:
, and
where P S , P R i , and P R K−1 denote the transmit powers of S, R i , and R K−1 . h S→R 1 , h R i →R i+1 , and h R K−1 →D denote the channel fading coefficients between S → R 1 , R i → R i+1 , and R K−1 → D hops, respectively, which are modeled as zero mean and unit variance.
End-to-End SNRs in the Presence of Interference Leakage
In the presence of interference leakage, in other words, when the interference is not perfectly aligned, i.e., α = 0, leakages occur, and the instantaneous SNRs can be expressed as:
where || · || denotes the Frobenius norm.
Outage Probability Analysis
In this section, the exact outage probability expression is derived for two different cases: (i) the interference is perfectly aligned; (ii) the interference leakages occur due to imperfect IA. Outage probability can be defined as the outage probability of the overall system. In other words, the system is in outage if at least one of the hops is in outage. Mathematically, it can be expressed as:
where
out is the outage probability of the ith hop.
Outage Probability Performance of the Perfect IA Scheme
As described in the previous section, when the PN-SN interference is aligned, the system works in the SISO fashion if one data stream is sent at each transmitter [15] . With the aid of (7), P
out,P can be expressed as:
where γ th is the threshold value for acceptable communication quality. As we assume that all paths are modeled with independent and identically-distributed Rayleigh fading, the cumulative distribution
can be expressed as:
whereγ R i →R i+1 is the average SNR of the R i → R i+1 hop describing the outage probability of the first K − 2 hops. For the last two hops, the outage probability can be expressed as [35] : out,P can be expressed as:
By substituting (13) and (11) into (9), outage probability can be obtained.
Outage Probability in the Presence of Interference Leakages
To compute the outage probability of the first K − 2 hops in the presence of interference leakages, we express (8) as
, where
. Then, the probability density function (pdf) of γ R i →R i+1 can be expressed as [36] :
and the pdf of γ I j→R i+1
can be defined as:
Then, the cdf of Γ R i →R i+1 can be written as [27] :
We can find
(γ) can be obtained as:
where U (·, ·, ·) is Tricomi's confluent hypergeometric function [37] . As P (i)
(γ th ), the outage probability for the first K − 2 hops can be derived. With the aid of (17) , for the last two hops, P (K−1) out,I can be expressed as:
By substituting (17) into (18) and after replacing superscripts R i with R K−2 and R K−1 and R i+1
with R K−1 and D, P
out,I can be obtained. With the aid of (9), outage probability can be derived.
Ergodic Capacity
Ergodic capacity can be defined as the maximum achievable mutual information from S to D, and it can be expressed as:
where E[·] denotes the expectation operator. By substituting
, the ergodic capacity can be expressed as:
With the aid of Jensen's inequality, ergodic capacity can be upper bounded as:
and E[Γ R i →R i+1 ] can be obtained by using the following formula:
4.1. Ergodic Capacity For Perfect IA Using (11), after replacing γ th with γ, the cdf of the ith hop can be expressed as:
By substituting (23) into (22) 
Note that E[Γ S→R 1 ] and E[Γ R K−1 →D ] can be found similarly.
Ergodic Capacity in the Presence of Interference Leakages
With the aid of Jensen's inequality and (20) , ergodic capacity in the presence of interference leakages can be expressed as:
Numerical Results
In this section, Monte Carlo simulations are carried out to verify the theoretical results. Without any loss of generality, we assume that the transmit powers at S and R i are given as P S = P R = P. Moreover, the noise power is taken as N 0 for all hops, and γ th = 10 dB, unless otherwise stated. Figure 3 illustrates the outage probability performance of the SN for different numbers of hops when M = L = 2 and α = 0.005. As can be seen from the figure, outage probability performance worsens as the number of hops increase. This is due to the fact that the number of interferers increase as the number of hops increase. As for example, almost 30 dB is needed to achieve P out = 10 −2 at K = 8, while when K = 2, 18 dB is enough to achieve the same outage probability performance. Moreover, the theoretical curves verify the Monte Carlo simulations. In Figure 4 , the outage probability performance of the considered scheme is depicted for different numbers of interferers (PUs). As can be seen, as the number of interferers increase, the performance degrades. Moreover, the slopes of the curves verify that the diversity gain deteriorates as the number of interferers increase. 
γ th = 10 dB Figure 5 . Outage probability of the secondary network versus P/N 0 for various interference leakage levels. Figure 6 depicts the impact of various interference leakage levels on the performance of the multi-hop SN. As observed from the figure, ergodic capacity performance of the proposed scheme degrades as the impact of interference leakage enhances. On the contrary, when the interference is aligned, the capacity of the secondary network can achieve 10 bits/Hz at 50 dB. Comparing the derived approximate ergodic capacity with the simulation, it can be observed that the theoretical results match almost perfectly with the simulations. 
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Conclusions
In this work, we investigate the IA performance of the cognitive multi-hop network in the presence of multiple primary users. For the proposed scheme, we derived closed-form outage probability and ergodic capacity expressions for Rayleigh fading channel. The results, which were validated with the simulations, show that the system performance degraded as the number of interferers and/or leakage level increased.
This work can be extended to various practical scenarios where relays are affected both by primary-secondary interference and nodes mobility. Moreover, different clustering and/or relay selection approaches can be adopted, and the system performance of the overall multi-hop CR network can be presented.
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